A large number of cancer stem cells (CSCs) have been isolated and identified; however, none has been cultured in an unlimited manner in vitro without losing tumorigenicity and multipotency. In this study, we successfully clonogenically cultured a newly identified CD34 + liver CSC (LCSC) on feeder cells up to 22 passages (to date) without losing CSC property. Cloned CD34 + LCSC formed a round packed morphology and it could also be cryopreserved and recultured. Stem cell markers, CD34, CD117, and SOX2; normal liver stem cell markers, alpha fetoprotein, CK19, CK18, and OV6; putative CSC markers, CD44, CD133, EpCAM, and CD90; as well as CD31 were expressed in cloned CD34 + LCSC. SOX2 was the major factor in maintaining this LCSC before colonization, and interestingly, OCT4, SOX2, NAONG, Klf4, c-Myc, and Lin28 were upregulated in association with symmetric self-renewal for colony growth of CD34 + LCSC on feeder cells. Gene expression patterns of in vitro differentiation were consistent with our in vivo finding; furthermore, the tumorigenicity of cloned CD34 + LCSC was not different from uncloned CD34 + LCSC sorted from parental PLC. These results show that our cloned CD34 + LCSC maintained CSC property, including self-renewal, bipotency, and tumorigenicity after long-term culture, demonstrating that this LCSC can be cultured in an unlimited manner in vitro. Thus, establishing pure population of CSCs isolated from the patients will provide an opportunity to explore the mechanisms of tumorigenesis and cancer development, and to identify unique biomarkers presenting potential indicators of drug efficacy against CSCs for establishment of a novel strategy for cancer therapy.
Introduction

C
ancer stem cells (CSCs) are a subpopulation of tumor cells that possess self-renewal capacity, the ability to initiate tumors, and provide new insight into our understanding of tumor initiation, maintenance, recurrence, and metastasis [1, 2] . These cells exhibit unlimited proliferation capacity, the ability to self-renew, and to generate progeny of differentiated cells that constitute a heterogeneous tumor population [3, 4] . It has been reported that some CSCs derive from their corresponding adult stem cells [5] ; for example, a liver CSC (LCSC) has been shown to be derived from the enhanced self-renewal of normal liver stem cells [6] .
Therefore, oncogenic mutations occurring in such a favorable background may change the restricted regulated growth property of normal stem cells into the aberrant uncontrolled growth of cancer cells.
CSCs were first identified in leukemia [7, 8] and have also been demonstrated in several solid tumors, including breast, prostate, brain, melanoma, pancreatic, colon, lung, liver carcinomas [9] [10] [11] [12] [13] [14] [15] [16] , and in cancer cell lines [17] [18] [19] [20] . These cells can be expanded in vitro as tumor spheres [21] [22] [23] [24] [25] [26] and could reproduce human tumor xenografts when transplanted into immunodeficient mice. However, no report has shown that CSCs can be clonogenically cultured and expanded on feeder cells or using feeder-free conditions for long-term culture without losing tumorigenicity and multipotency. In this study, we successfully clonogenically cultured and expanded newly identified CD34 + LCSC [20] on mouse embryonic fibroblasts (MEF) using our defined culture conditions for up to 22 passages (to date) without losing tumorigenicity or multipotency.
Materials and Methods
Cell lines and cell culture
Hepatoma cell line, PLC/PRF/5 (PLC), was purchased from ATCC (www.atcc.org). Human embryonic stem cell (hESC) line, H9, was purchased from WiCell (www.wicell.com). The cell culture conditions for growing and expanding these line cells were according to the instructions as per provider.
Culture and expansion of the CD34 + LCSC with feeder conditions
Hepatoma cell line, PLC, was stained with the mouse anti-human CD34 antibody conjugated with PE (BD Science), and the CD34 + population was analyzed by BD FACScan (BD Science). Subsequently, the CD34 + cells were sorted from PLC and seeded on MEF (GlobeStem), as the feeder cells under our defined medium consists of Dulbecco's modified Eagle's medium/F12 medium supplemented with basic fibroblast growth factor (4 ng/mL), epidermal growth factor (10 ng/mL), 1· ITS (all from Invitrogen), nicotinamide (1.08 mg/mL), l-ascorbic acid-2 phosphate (0.29 mg/ mL), l-proline (30 mg/mL), hydrocortisone (10 nM) (all from Sigma-Aldrich), 1· antibiotic/antimycotic (Invitrogen), and 0.1% bovine serum albumin. CD34 + colony cells were split and passaged between 10 and 14 days depending on colony size and confluence.
Culture of the CD34 + LCSC with feeder-free conditions
The CD34 + LCSCs were removed from culture with mouse feeder cells, seeded on a commercial extracellular matrix (ECM) plate, which is for the culture of human LCSC (www.celprogen.com) under our defined medium to remove the feeder cells, and expanded and maintained for 2 weeks until use.
Cryopreservation and recovery of the CD34 + LCSC
The cloned CD34 + LCSC was dissociated with collagenase type IV (1 mg/mL; Sigma-Aldrich) plus Dispase (1 mg/mL; Stem Cell Technologies); the cell suspension was frozen with an equal volume of freezing medium [60% of fetal bovine serum, 20% of complete growth medium, and 20% of dimethyl sulfoxide (DMSO)] and then stored at -140°C or in liquid nitrogen for future use. For recovery, the frozen tube with the cells was thawed immediately in 37°C water, after being taken from -140°C or liquid nitrogen; the thawed cells were transferred to the tube with 10 mL of warmed completed growth medium and spun at 300 g for 5 min to remove DMSO. The cell pellet was resuspended with the growth medium and seeded on freshly prepared MEF feeder cells.
In vitro differentiation
The CD34 + LCSCs were moved to the collage I-coated plate from the feeder cells and cultured with the growth medium used for culturing the parental PLC. The differentiated cells were harvested, the total RNA was isolated, and cDNA was generated at days 4, 9, and 13 after differentiation. Expression of liver genes, liver cancer markers, and CD34 and CD31 was evaluated by a quantitative polymerase chain reaction (qPCR), as previously described [27] .
Assay of drug resistance by the CD34 + LCSC The CD34 + LCSCs were removed from culture with mouse feeder cells and were seeded, expanded, and maintained on an aforementioned ECM plate under our defined medium to remove feeder cells. The CD34 + LCSCs were treated with cisplantin at 2 mg/mL at day 7 for 7 days, then cells were harvested and stained with antibodies against CD34, and the percentage of cells positive for CD34 was measured by flow cytometry.
Tumorigenicity by the cloned CD34 + LCSC
To investigate whether the tumorigenicity of the CD34 + LCSC was affected after long-term culturing in vitro, the cloned CD34 + LCSCs from the 5th to 18th passage were sorted to exclude feeder cells, and 1,000 cells were injected subcutaneously into NOD/SCID/IL2rg mice ( Jackson Laboratory). The uncloned CD34 + cells sorted directly from the parental PLC were also used to inject into the same mouse model with the same cell number, as previously described [20] . Surgical procedures for transplantation and monitoring the tumor formation and subsequent tumor collection were approved by the Animal Care and Use Administrative Advisory Committee of the University of California Davis.
Immunohistochemistry analysis
The CD34 + LCSC on feeder cells and the xenograft tumor tissues on slides were fixed with 4% paraformaldehyde (PFA) and stained with different primary and secondary antibodies as previously described [27] . All antibodies are listed in the Supplementary Table S1 (Supplementary Data are available online at www.liebertpub.com/scd).
Generation of cDNA and quantitative reverse transcription-polymerase chain reaction RNA was extracted from the parental PLC, the uncloned CD34 + LCSC sorted from the parental PLC, the cloned CD34 + cells, and the derivatives of the cloned CD34 + LCSC, as well as hESC using the Qiagen mini RNA kit, and cDNAs were generated, and qPCR was performed as previously described [27] . Primers/probes are listed in Supplementary Table S2 .
Cryosection of human xenografts
The xenograft tissue was cut into small pieces and fixed with 4% PFA for 4 h, then embedded in Tissue-Tek O.C.T, and stored at -80°C as previously described [28] . The cryosectioned slides were cut with a 5 mm thickness and immunostained with antibodies against antihuman liver proteins as previously described [20] .
Evaluation of transcription factors
Expression of stem cell transcription factors in the parental PLC, the uncloned CD34 + LCSC sorted from the parental PLC, and the cloned CD34 + LCSCs were evaluated by qPCR and compared to those in hESC. Primers/ probes are listed in Supplementary Table S2 .
Statistics
All data are summarized as mean -standard error of the mean from at least three independent measurements. An unpaired Student t-test was used to analyze the data. P < 0.05 was considered statistically significant.
Results
Isolation and clonagenic expansion of the CD34 + LCSC
To clonogenically culture and expand newly identified CD34 + LCSCs in vitro, the CD34 + LCSCs were sorted and seeded as single cells on MEF feeder cells under our aforementioned defined medium. After 7-10 days of culture, colonies were formed with a round packed morphology ( Fig.  1A ; Supplementary Fig. S1 ). Multiple morphologies were seen on the MEF feeder cells, suggesting that the CD34 + LCSCs are not a homogenous population.
The CD34 + LCSC could not only be expanded and maintained on the feeder cells but could also be cryopreserved and then recovered on the feeder cells. Figure 1B showed colonies of the CD34 + LCSC after culture following recovery from frozen cells at the 12th passage (total 22 passages). Multiple morphologies were also shown, similar to those before freezing (Fig. 1A) .
The CD34 + LCSCs could be expanded on a commercial ECM (Celprogen) plate, which is for culturing LCSC, and maintained for a short period to remove the feeder cells under our culture conditions. The CD34 + LCSCs also maintained multiple morphologies (Fig. 1C) .
Characterization of the CD34 + LCSC
To characterize the CD34 + LCSC, colonies on the feeder cells were immune-stained with antibodies against specific markers (Supplementary Table S1 ). Stem cell markers, CD34, CD117 (c-kit), and SOX2; normal liver stem cell markers, alpha fetoprotein (AFP), CK19, CK18, and OV6; liver cancer markers, CD44, CD133, EpCAM, and CD90; as well as CD31 were expressed in the cloned CD34 + LCSC (Fig. 2) . Stem cell markers, OCT4, NAONG, and SOX2, which are all expressed in ESC, and induced pluripotent stem cells (iPSC), which culture and expand as clonal growth, are factors that are associated with pluripotency and self-renewal, a unique property of stem cells. However, only SOX2 could be detected in the cloned CD34 + LCSC by immunochemistry, suggesting that SOX2 is highly expressed in the CD34 + LCSC and is a significant factor in regulating this LCSC (Fig. 2) .
Expression of transcription factors in the CD34 + LCSC under different conditions
Stem cell transcription factors, OCT4, NAONG, SOX2, c-Myc, Klf4, and Lin28, which are related to pluripotency and self-renewal, as well as CD34, were evaluated in the parental PLC line, the uncloned CD34 + LCSC sorted from the parental PLC, and the cloned CD34 + LCSC by qPCR (Supplementary Table S2 ). When compared to the parental PLC line, SOX2 was upregulated, expression of OCT4 and NAONG was not changed, and c-Myc, Klf4, and Lin28 were downregulated in the sorted CD34 + cells. When compared to the sorted CD34 + LCSC, all six stem cell transcription factors, SOX2, OCT4, NAONG, c-Myc, Klf4, and Lin28, were upregulated in the cloned CD34 + LCSC (Fig. 3A) . These factors are associated with stem cell selfrenewal; thus, it appears that the upregulation of these genes was required for the clonal growth of the CD34 + LCSC on MEF feeder cells (Fig. 3A) .
When compared to the CD34 + LCSC, we found that OCT4, SOX2, and NAONG were extremely highly expressed in hESC (Fig. 3B) ; these three factors regulate hundreds and thousands of genes and maintain the pluripotency of ESC and iPSC [29, 30] , whereas our CD34 + LCSCs are bipotent stem cells, which only differentiate into hepatic and cholangiocytic lineages in vitro and in vivo [20] . Thus, it is not surprising that these pluripotent genes are more highly expressed in ESC and iPSC. Another three factors, c-Myc, Klf4, and Lin28, which are related to pluripotency and self-renewal [31, 32] , were also highly expressed in hESC (Fig. 3C) . Interestingly, only Klf4 was highly expressed in the CD34 + LCSC when compared to its expression in hESC. This is likely because Klf4 is associated with cancer initiation and development [33] ; thus, the total Klf4 is high in cancer cells and our CSC (Fig. 3C) .
Assay of drug resistance by the CD34 + LCSC
Drug resistance is a CSC characteristic; the change of the percentage of the CD34 + LCSC under drug treatment is the parameter to indicate the drug sensitivity. The percentage of the CD34 + LCSC on feeder cells depended on total colony density; to avoid high density causing spontaneous differentiation or low density resulting in low yield of the CD34 + LCSC for analysis, normally we maintained around 200 colonies in each well of the six-well culture plates. Flow cytometry results showed that 45% of cells were positive for CD34 under such circumstances (Fig. 4A) . The CD34 + cells could be enriched to 88% on ECM culture within 3 days after moving from the feeder cell culture (Fig. 4B) ; however, the percentage of the CD34 + cells decreased to 57% without the support of MEF feeder cells at day 14 of ECM culture (Fig. 4C) . When the CD34 + cells were treated with cisplatin at 2 mg/mL for 7 days from day 7 on ECM culture after their removal from MEF feeder cells, the percentage of the CD34 + cells was markedly increased to 71% when compared to those without treatment with cisplatin, as determined by flow cytometry (Fig. 4D) . This indicated that the CD34 + LCSCs were resistant to the antitumor agent.
In vitro differentiation
To access in vitro differentiation of the cloned CD34 + LCSC, the differentiated cells were harvested at days 4, 9, and 13 after differentiation. Expression of liver genes albumin, AFP, CK19, and CK7; liver cancer markers CD133, CD44, CD90, and EpCAM, as well as CD34 and CD31 were evaluated by qPCR (Supplementary Table S2 ). Expression of all genes, except CD34, was increased over time ( Fig.   1508 PARK ET AL.
4E); these results show that expression of these genes was consistent with our in vivo finding [20] .
Tumorigenicity by the cloned CD34 + LCSC
To evaluate whether the tumorigenicity of the cloned CD34 + LCSC was affected, the uncloned CD34 + cells sorted from the parental PLC and the cloned CD34 + LCSCs at the 5th and the 18th passage growing on feeder cells were injected into mice. The number of cells required and the timing of the tumor formation were not different between the four groups (Fig. 5A, B) . The results of hematoxylin and eosin staining for human xenografts produced by the transplantation of the cloned CD34 + LCSC
FIG. 1. Clonogenically culturing and expanding CD34 + liver cancer stem cells (LCSC). (A) CD34
+ LCSC formed colonies with round and packed morphology after culturing on mouse embryonic fibroblast feeder cells under our defined condition, and multiple morphologies were observed on the feeder cells. (B) CD34 + LCSC could be cryopreserved and then recovered on feeder cells, and multiple morphologies were also shown similar to those before freezing. (C) CD34 + LCSC could be expanded on a commercial extracellular matrix (ECM) plate to remove feeder cells and maintained feeder free for a short period employing our culture conditions. CD34 + LCSC also maintained multiple morphologies on ECM. Scale bar, 100 mm. Color images available online at www.liebertpub.com/scd and CD34 + PLC exhibited the typical histologic features of human liver carcinomas (HLCs). There are polygonal cells with pleomorphic nuclei in cells with distinct cell borders, nucleus:cytoplasm (N:C) ratios are increased, and nuclei are hyperchromatic with prominent nucleoli. The presence of plump endothelial cell lining the sinusoids is another hallmark of the histopathological features of hepatocellular carcinomas (HCC) (single black arrow, Fig. 5B ; Supplementary Figs. S2A, S4A , and S5B). In any highgrade malignancy, HLC may contain a different size foci of necrosis (double black arrows, Fig. 5B; Supplementary Figs . S2B, S4A, and S6A) and dilated blood vessels (single white arrow, Fig. 5B; Supplementary Figs. S2B, S4A , and S6B). These xenografts behaved like typical HLCs, in which they exhibited a nested pattern with large tumor nodules separated by thick fibrous bands (double white arrows, Fig. 5B ; Supplementary Figs. S3A, S4A, and S7A) . The neoplastic cells in HCC can synthesize and store various components of hepatocytes, such as lipids, bile, alpha-1 antitrypsin (a1-AT), AFP, and other cytoplasmic constituents, which also occurred in the xenografts (black head arrow, Fig. 5B ; Supplementary Figs. S3B, S4A, and S7B). Immunochemistry results showed that the tissues of human xenografts expressed human liver-specific proteins, hepatocyte-specific antigenHep Par 1, CK19, a1-AT, and liver cancer marker, EpCAM ( Fig. 5C; Supplementary Figs. S4B ), further confirming that the tumor tissues were HLC xenografts. These in vitro and in vivo results indicate that the cloned CD34 + LCSC maintained their differentiation capacity after long-term culture.
Discussion
A large number of CSCs have been isolated and identified from solid tumors [9] [10] [11] [12] [13] [14] [15] [16] and cancer cell lines [17] [18] [19] [20] . To maintain the tumorigenicity and stem cell properties in vitro, sphere formation is the only current approach to culture and expand these CSCs [21] [22] [23] [24] [25] [26] for a short period. It has been shown that CSCs could be cultured on the feeder cells [34] ; however, the cells still grew as spheres on the feeder cells [34] , and in addition, autologous intratumoral fibroblasts were required as the feeder cells [34] . Thus, it appears to still be a challenge to culture CSC in vitro without losing their tumorigenicity and multipotency. With stem cell technologies in conjunction with employing our defined culture medium, we could clonogenically culture and expand newly identified CD34 + LCSC [20] on MEF feeder cells for prolonged culture. The cloned CD34 + LCSC could be passaged at least 22 generations (to date) without losing CSC properties, including symmetric self-renewal-based colony formation, multipotency, and tumorigenicity. In addition, the cloned CD34 + LCSC could also be cryopreserved and recultured with these properties. The cloned CD34 + LCSCs have multiple morphologies in culture that differ from colonies of ESC and iPSC, which are uniform (Fig. 1A) . In our previous report, 12 subpopulations of these CD34 + cells could independently form HLC xenografts in mice and they functioned as tumor-initiating cells [20] . Clonal growth is one of the stem cell features and thus their capacity for colony formation as described in this study demonstrates that these subpopulations of CD34 + cells have the capacity to perform symmetric self-renewal, further confirming that they are CSC populations. Furthermore, the finding of having multiple morphologies in culture also demonstrates that these CD34 + LCSCs from one origin represent a heterogeneous population, also confirming the results from our previous study in which the CD34 + LCSC could form three types of HLC xenografts and each type of HLC xenograft consisted of a heterogeneous population [20] .
It is well known that OCT4, SOX2, and NAONG control pluripotency and self-renewal in ESC and iPSC [29, 30] ; however, only SOX2 was highly expressed in the sorted CD34 + LCSC ( Figs. 2A and 3A) . Thus, it appears that SOX2 might be the major factor to regulate CD34 + LCSC self-renewal in the parental PLC culture. In the routine culture of the parental PLC line, which lacks the conditions to establish and maintain an appropriate stem cell niche, the CD34 + LCSCs undergo self-renewal by choosing an asymmetric division, which produces a stem cell and a progenitor cell; thus, they do not form colonies. Colony growth of stem cells requires an appropriate and stable stem cell niche plus appropriate intrinsic and extrinsic factors. The percentage of CD34 + cells at day 14 on ECM culture with treatment by cisplatin at 2 mg/mL from day 7 after being moved from feeder cell culture. (E) Expression of liver genes [albumin (ALB), AFP, CK19, and CK7], liver cancer markers (CD133, EpCAM, CD44, and CD90), as well as CD31 and CD34 was evaluated by qPCR at days 4, 9, and 13 after the differentiation of cloned CD34 + LCSC and compared to undifferentiated cloned CD34 + LCSC (CD34 + ). All values are mean -SEM from three independent experiments. *P < 0.05; **P < 0.01.
FIG. 3.
Comparison of expression patterns of stem cell transcription factors among three cell types. (A) Expression of stem cell transcription factors (SOX2, OCT4, NAONG, c-Myc, Klf4, Lin28) and stem cell marker, CD34, was compared among the parental PLC (PLC), the uncloned CD34 + LCSC sorted from the parental PLC (sorted CD34 + ), and cloned CD34 + LCSC (cloned CD34 + ) employing quantitative polymerase chain reaction (qPCR). (B, C) Expression of these six stem cell transcription factors was evaluated and compared among the sorted CD34 + LCSC (sorted CD34 + ), the cloned CD34 + LCSC (cloned CD34 + ), and human embryonic stem cell using qPCR. All values are mean -standard error of the mean (SEM) from three independent experiments. *P < 0.05; **P < 0.01.
iPSC, the changes of extrinsic factors usually produce some bad colonies, and the reason leading to the failure of colony growth and maintenance is that stem cells choose asymmetric self-renewal or undergo spontaneous differentiation by these changes.
As stem cell transcription factors, expression of OCT4, SOX2, NAONG, c-Myc, Klf4, and Lin28 varies in different types of stem cells and culture conditions of the same stem cells (growth pattern). The expression of all these factors was increased in the cloned CD34 + LCSC (clonal growth) when compared to the uncloned CD34 + LCSC sorted from the parental PLC (spread growth). Generally, the greater the stem cell potency is, the higher these gene expressions are. Five of six factors were highly expressed in pluripotent stem cells hESC when compared to those in our CD34 + LCSC; it is reasonable that their expressions are lower in bipotent stem cells. Interestingly, only Klf4 expression was higher in the CD34 + LCSC than in hESC and this is also not surprising because Klf4 is associated with cancer initiation and development [31] , the total Klf4 product is high in cancer cells and CSCs; thus, this suggests that Klf4, c-Myc, and a proto-oncogene gene [35] are potentially highly expressed in another type of CSC.
FIG. 5. Tumorigenicity by cloned CD34 + LCSC. (A)
The ability of the cells to form tumors in vivo was evaluated by the injection of the same numbers of sorted CD34 + PLC and cloned CD34 + LCSCs from the 5th passage (p5) to the 18th passage (p18) into NOD/SCID/IL2rg mice. (B) The tumors were formed within 2 months, and the number and the timing of tumor formation were not different between these four groups. Hematoxylin and eosin staining of human xenografts produced by the injection of cloned CD34 + LCSC into mice, exhibited the typical histologic features of human liver carcinomas, including polygonal cells with pleomorphic nuclei in cells with distinct cell borders; the increased nucleus:cytoplasm ratios; the presence of endothelial cells lining the sinusoids (single black arrow); small and large foci of necrosis (double black arrows) and dilated blood vessels (single white arrow); nested growth pattern with large tumor nodules separated by a thick fibrous band (double white arrows); various components of hepatocytes such as lipids and other cytoplasmic constituents (black head arrow). (C) Human liver-specific proteins, hepatocyte-specific antigen-Hep Par1, CK19, alpha 1-antitrypsin (a1-AT), and liver cancer marker, EpCAM were expressed in the tissues of aforementioned human xenografts. The specificity of primary antibodies was evaluated by employing isotype controls. Scale bar, 100 mm. Color images available online at www.liebertpub.com/scd 1512 PARK ET AL.
To expand the CD34 + LCSC without the feeder cells, a commercial ECM that is designed to culture LCSCs was employed; however, the percentage of CD34 + population decreased over time. The CD34 + LCSCs were maintained and expanded on the ECM for a very short period. Matrigel, which has been successfully used for culturing ESC/iPCS under feeder-free conditions, was also employed to establish feeder-free conditions for culturing and expanding the CD34 + LCSC; however, the CD34 + LCSC failed to culture and expand as colony growth on Matrigel under our defined conditions, rather the cells differentiated. Thus, more work is necessary to establish feeder-free conditions for the maintenance of the cloned CD34 + LCSC.
Differentiation potential is a basic property of stem cells; our cloned CD34 + LCSC could readily form HLC xenografts in mice, and the number and the timing of the tumor formation were similar to the CD34 + LCSC, which are directly sorted from the parental PLC line [20] . During in vitro differentiation, the derivatives of our cloned CD34 + LCSC also expressed hepatocyte markers, cholangiocyte markers, liver cancer markers, and CD31; thus, the in vitro gene expression pattern was consistent with the results of in vivo gene expression shown in our previous study [20] and hence these results indicate that the cloned CD34 + LCSC maintained their tumorigenicity and multipotency after long-term culture.
In summary, we successfully clonogenically cultured and expanded newly identified CD34 + LCSC [20] for a prolonged period on the feeder cells employing our defined medium without losing tumorigenicity and multipotency, demonstrating that this LCSC can be cultured and expanded in an unlimited manner in vitro as normal stem cells, such as ESC and iPSC, do; thus, a large number of CSC can potentially be isolated from the patients and cultured in an unlimited manner for research and clinical studies. Therefore, establishing pure populations of CSCs from the patients will allow for better genomic, epigenomic, transcriptomic, proteomic, and metabolomic analysis and thus provide an opportunity to explore the mechanisms of tumorigenesis and cancer development, and will also allow for a global comparison between CSCs and normal stem cells to identify specific biomarkers for the CSC population. These specific biomarkers from CSCs may represent potential indicators of drug efficacy against CSCs and the establishment of novel drug development assays. Furthermore, identifying cell-specific surface markers of CSCs and dissecting and characterizing signaling pathways that impact on CSC self-renewal and differentiation will not only provide an opportunity to explore the mechanism of transformation of CSC but will also provide the potential for developing therapeutics aimed at CSC treatment.
